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In general, thermal management techniques can be categorized as active, passive or a combination of the two (hybrid) cooling system according to their physical mechanism. Passive cooling with absence of external power is prevailing in current chip-level applications since it is relatively simple, compact, and reliable to operate. The main passive cooling systems are using the conduction, 4 ,5 natural convection, 6 ,7 radiation, 8, 9 and phase change. 10, 11 However, the passive cooling systems utilizing three basic heat transfer mechanisms (conduction, convection, and radiation) such as thermal spreaders, finned heat sinks, and surface treatments are performance-limited and not suitable for many high power density applications. Therefore, rapidly increasing thermal management requirements for advanced electronics have led to the use of liquid cooling techniques with superior thermal transport properties of liquid coolants and the merits of phase change. [12] [13] [14] A loop heat pipe (LHP) has been developed to provide more reliable operation over long distance and ability to operate against gravity. 15, 16 The two-dimensional LHPs have been well investigated both theoretically 17 and experimentally, 18 and employed in a wide range of applications in ground 19, 20 as well as space environments. 21, 22 To enhance performance against gravity and handle higher heat fluxes, a three-dimensional miniaturized LHP (micro-LHP, l-LHP) has been proposed. 23, 24 The three-dimensional l-LHP ( Figure 1 ) is a system capable of short and long heat flow both laterally and vertically. The system is being developed in response to applications where material matching and removal of heat as close to the chip junction will be necessary. One of the key pieces for achieving this system is the wicking pump-a vertically aligned part located between the evaporator and reservoir layer to feed coolant to the evaporator surface. This crucial piece needs to provide sufficient pumping capability against accelerations several times that of gravity (for space applications). If a typical wick (e.g., sintered particle) is used in the l-LHP, the coolant would surge up through the microchannels against gravity due to capillary force; however, the coolant would not be able to overflow out of the channels forming a meniscus at the edge of the channels resulting in severe dryout. [23] [24] [25] In this paper, we propose a Nanowire-integrated microPorous Silicon Membrane (NPSM) to overcome the dryout limitation by driving the fluid out of the pores and spreading it across the entire wick surface as seen in the circle showing the zoomed-in view of the pore in Figure 1 . The NPSM was designed using a microporous silicon membrane tailored through photoelectrochemical (PEC) etching and then decorated at the pore ends and through the pores with nanowires (NWs) grown by hydrothermal synthesis to rapidly transport the liquid up the column and push the liquid out of the column by enhanced capillary action.
The overall fabrication process includes three main processes: PEC etching for the forming of coherent porous silicon, deep reactive-ion etching (DRIE) for the forming of a thin membrane, and hydrothermal synthesis for decorating NWs in the pores. The fabrication process of the NPSM is illustrated in Figure 2 . A highly anisotropic wet etching process, PEC etching in hydrofluoric (HF) acid solution has traditionally been used for fabrication of microstructures in silicon substrates with aspect ratios over 10:1 and often 100:1. [26] [27] [28] The formation mechanism of coherent porous silicon by PEC etching is a charge exchange between the HF acid and semiconductor surface. The Si-HF interface acts as a Schottky contact and the charge exchange mechanism depends on the dopant type of the substrate. 29 In n-type semiconductors, minority carriers (holes) can be generated by photo-illumination, reducing the width of the carrier depleted space charge region (SCR). 30 Under anodic bias, these holes move to the Si surface where Si-Si bonds weaken, allowing them to be attacked by F -ions in electrolyte ( Figure 2(a) ). Since anodic bias of n-type silicon always generates a SCR, the formation of trenches occurs spontaneously at random positions. 31 In this work, n-type h100i silicon with 10-20 X-cm resistivity was anodized in 5-wt. % HF acid at room temperature for 150 min. The sample was illuminated from back side using a near ultraviolet (UV, 365 nm wavelength) high-power light source. The applied current density and bias voltage during PEC etching were kept constant at 8.6 mA/cm 2 and 4.5 V, respectively. A few droplets (1% v/v) of an ethanol were added to the electrolyte to remove trapped hydrogen bubbles in trenches generated during the etching. The back side was then patterned and etched by DRIE to form a 100 lm thick membrane, which is thin enough to decouple the capillary pressure from the viscous resistance dictated only by the thickness of the membrane 32 (Figures 2(b) and 2(c)). In preparation for the NW growth, the sample was coated by a few drops (20 ll/mm 2 ) of zinc oxide (ZnO) nanoparticles (NPs) (<130 nm, Sigma Aldrich) in 40-wt. % ethanol ( Figure  2(d) ). When the seed solution started to evaporate, the sample was rinsed with ethanol, and this seeding step was repeated three times to form a uniform seed layer for ZnO NW growth. NWs were grown by immersing the seeded substrate in an aqueous solution containing 25 mM zinc nitrate hydrate (Zn(NO 3 ) 2 Á 6H 2 O, Sigma Aldrich), 25 mM hexamethylenetetramine (C 6 H 12 N 4 , Sigma Aldrich), and 5 mM polyethylenimine (PEI, C 2 H 5 N, branched, low molecular weight, Sigma Aldrich) at 92 C for 2 h (Refs. 33 and 34) as seen in Figure  2 (e). The ZnO NWs grown on the substrate were then thoroughly rinsed with deionized (DI) water and baked on a hotplate at 400 C for 30 min to remove any residual organics. 34 In order to absorb the liquids into the pores, finally, UV irradiation was applied on the ZnO NWs surface at 10 mW/cm 2 for 2 h to switch the surface wettability from hydrophobicity to hydrophilicity. [35] [36] [37] This was not required for fluid types which have relatively low surface energy such as methanol and isopropyl alcohol (IPA).
Figure 3(a) shows a top surface view of the coherent porous silicon with average pore diameter of 4.5 lm and approximate porosity of 17.5% (11 000 pores/mm 2 ) after PEC etching. Unlike PEC etching with a mask pattern to generate uniform nucleation grooves, trenches were etched along discrete nucleation sites without a photolithography process. The cross section view shows high-aspect-ratio and straight microchannels with average length of 240 lm as seen in Figure 3 after DRIE etching. Considering flow rate of coolant through the membrane, higher porosities are desirable for the l-LHP because the overall flow rate increases and viscous resistance decreases. However, since higher porosity can reduce the mechanical strength as well as increase thermal resistance between the evaporator and reservoir, parametric studies for porosities and support structures beneath the membrane will need to be considered for future adoption of the NPSM. The NPSM after synthesis of ZnO NWs using hydrothermal process is shown in Figures 5(a) and 5(b) , which is the top surface view and cross section view, respectively. The nanowires were grown over the top surface and inner wall of the coherent porous silicon membrane. The heat transfer and wicking fluid capability near the evaporator region in the three-dimensional l-LHP is determined by its thermal characteristics, especially thermal conductivity. Therefore, the thermal conductivity of NWs in this region will be important for the thermal behavior of the device. Since a ZnO NW has good thermal stability, high heat capacity, and low thermal conductivity below 20 W Á m À1 K À1 at room temperature, 38 they enable rapid wicking of the coolant to the evaporator surface without acting as a primary site for evaporation.
In order to characterize the wicking performance of NPSM, the volumetric flow rate was qualitatively and visually verified with three different kinds of coolants (i.e., DI water, methanol, and IPA). Figures 6(a) and 6(b) show the schematics and image of the experimental setup to evaluate the NPSM. The NPSM was placed on the underlying fluid supply channel and fixed by a polydimethylsiloxane (PDMS) mold. The coolants were injected into the underlying fluid channel with a constant flow rate by a syringe pump to prevent unwanted external pressure input, which may push coolants up through the NPSM. Once the liquid flow contacts the bottom of the NPSM, liquid was wicked into the pores and surged up through the columns against gravity due to primary capillary action. It then flowed up and out, flooding over the top surface due to secondary capillary action by the NWs. Figures 7(a) and 7(b) show the sequential images taken by high speed camera (Phantom Miro eX4, Vision Research, NJ) with 25 frames per second for the wicking performance of the porous silicon membrane both without and with ZnO NWs, respectively. The experimental results show coolant (DI water) was unable to overflow at all without the assistance of nanowires while overflowing water could be observed on the NPSM surface after 0.4 s by means of enhanced capillary action by the NWs. This self-driven overflowing of the coolant was achieved due to the improved capillary force from the NWs grown in and over the micropores.
To place the experimental results in context, we experimentally measured the volumetric flow rate through typical porous silicon membranes. The results were compared with our nanowire-functionalized configuration to demonstrate the enhanced capillary action. To allow for visual inspection of liquid flowing up and out of the pores and to establish a comparable control, NWs were synthesized on only the top surface of an equally porous and coherent membrane as the test membranes with wires extending at most to a 2-5 lm depth into the top of the pore. This was accomplished by utilizing a spin-coater for shallow deposition of ZnO NPs seed layer. Using this modified membrane, coolants surged up to pore ends by capillary pressure, and then NWs at the pore ends pulled the coolants out of the column. Therefore, the NWs did not affect the overall flow rate from the bottom to the top of the wick, but did pull the coolants out of the pores so that the flow rate for a plain membrane could be visually measured by a high speed camera. The same membrane dimension and heating condition of 100 W/cm 2 , which is characteristic of high performance microprocessors, were employed for both experiments. The volumetric flow rates through the typical membrane without NWs inside the pore wall and through the NPSM were experimentally measured and compared with three different kinds of coolants as shown in Figure 8 . Compared to the typical membrane, the NPSM provides improved flow rate against gravity by enhanced capillary action inside the channel. Moreover, the fluid stopped at the edge of the channels forming menisci can easily overflow out of the channels with the assistance of NWs, acting as a ladder for the fluid transport. Considering the wetting characteristic of the surface of the porous silicon membrane alone, the coolant would not come out of the column since the meniscus would be pinned at the edge of the column due to the surface tension of the fluid. In the fabricated membrane, NWs break the primary meniscus through the column, increase rate of transport up the column, and drive it out by improved and extended capillary force. Therefore, the evaporator surface is kept wetted for removal of heat from hot chips through phase change of working fluid. In this study, the wicking performance under heat flux of 100 W/cm 2 was demonstrated using NPSM with average pore diameter of 4.5 lm, thickness of 100 lm, and porosity of 17.5%. Considering the pore transport models, smaller pore diameter ($100 nm) and thickness ($10 lm) are desired to further increase the interfacial heat fluxes up to 450 W/cm 2 , which is the theoretical maximum value based on the kinetic limit theory for polar fluids such as methanol, IPA, and water. 32, 39 Although the fabrication of thin alumina nanoporous membranes with 20 nm pore size and 1 lm thickness has recently been achieved, 40 using such membranes would cause another challenge from the viewpoint of device packaging due to thermal mismatch and more complex bonding process with the silicon evaporator layer of the l-LHP where the NPSM was designed for. Since smaller pore size and thickness can also reduce the mechanical strength as well as capillary action due to increased viscous resistance, adoption of submicron nanoporous membranes for cooling devices still remains as a practical engineering challenge.
In summary, a self-driven membrane was developed to continuously feed coolant onto the top surface of the wick in a micro cooling device. A demonstration of this NPSM was shown with a tailored fabrication process by the combination of PEC etching and hydrothermal synthesis of NWs to form the membrane pores and improve capillary action inside the membrane as well as near the wick surface, respectively. The decorated NWs at the pore ends allow coolant to flow up and over the top of the pores onto the wick surface itself. Therefore, the coolant was able to spread across the entire wick surface without any external pressure input. A verification of wicking performance of the NPSM was shown with the sequential images by comparing it with a typical membrane without assistance of NWs. The volumetric flow rate through the typical membrane wick was experimentally measured and compared with the NPSM showing 12% higher flow rate because of improved capillary action by NWs. This study is a first step towards demonstrating the feasibility of a reliable and high performance cooling device using enhanced capillary action as well as significant promise to address the thermal management requirements for high power density electronics. This work was supported by the DARPA Thermal Ground Plane (TGP) award (Grant No. HR0011-10-C-0100) under the DARPA MTO. We also thank the UC Berkeley Marvell Nanolab where all devices were fabricated. 
